The accumulation, management, and transfer of P in intensive farming systems has increased P export from agricultural watersheds and accelerated eutrophication of surface waters. Even though much research on P has been done in the last 20 years, there are still too few answers to the many questions now being asked regarding agricultural production and environmental quality. To address these concerns, four areas of research are suggested: (i) Soil P testing for environmental risk assessment-What losses are acceptable and can these losses be determined by plot-scale or watershed-scale studies? Threshold P levels in soil and water should be established in combination with an assessment of site vulnerability to P loss. (ii) Pathways of P transport-An analysis of the relative importance of different flow pathways is needed at a watershed scale. (iii) Best Management Practice (BMP) development and implementation-Overall, BMPs must attempt to bring P inputs and outputs into closer balance and should be targeted first to critical source areas within a watershed. Alternative management recommendations, uses, and market demand for manures must be developed. (iv) Strategic initiatives to manage P-To initiate lasting changes, research should focus on consumersupported programs that encourage farmer performance and stewardship to achieve agreed-upon environmental goals.
P
UOSPHORIJS is an essential element for plant and animal growth and its input has long been recognized as necessary to maintain profitable crop and animal production. Phosphorus inputs can also accelerate the eutrophication of fresh waters around the world (Carpenter et al., 1998-,Foy and Bailey-Watts, 1998) . Eutrophication has been identified as the main problem in surface waters having impaired water quality, restricting water use for fisheries, recreation, industry, and drinking (CEC, 1992; USEPA, 1996) .
Even though much research has been done on P in the last 20 years, many questions are still unanswered regarding agricultural production and its impact on environmental quality (Johnston et al., 1997) . Clearly, better information is urgently needed to help resolve production and water-quality issues and provide defensible tools and recommendations for P-based nutrient-management planning, particularly where changes in farm management may be required. From research presented at the recent Organization of Economic Cooperation and Development Conference "Practical and innovative measures for the control of agricultural phosphorus losses to water," Belfast, Northern Ireland, 6 to 19 June 1998 and our own insights, four main research areas are identified as needed to meet these challenges: soil P testing for environmental risk assessment, pathways of P transport within watersheds, BMP development and implementation, and strategic initiatives to manage P.
Soil Phosphorus Testing for Environmental
Risk Assessment Soil P tests have provided farmers with an indication of how much plant-available P is present in a soil and consequently how much fertilizer to apply to obtain the desired crop yields. However, as we move from agronomic to environmental concerns with soils containing P levels in excess of crop requirements, will current soil test methods to assess plant availability of P be suitable for estimates of P forms important to eutrophication? If not, are appropriate methods available?
Several studies have reported that the loss of dissolved P in surface runoff depends on the P content of surface soil, but that the relationship varies with soil type, tillage, and crop management Sharpley et al., 1996) . Also, the loss of P in subsurface flow is related to soil P concentration, Heckrath et al. (1995) found that the dissolved P concentration in tiledrainage water increased dramatically (0.15-2.75 mg L -') when soil test P in the plow layer was above a certain value (60 mg kg Olsen P for a silt loam). However, as for surface runoff, the situation is not simple. Similar studies suggest that this value can vary threefold as a function of site hydrology, relative drainage volumes, and soil P release characteristics (Sharpley and Syers, 1979) .
These studies related runoff P to soil P, determined by traditional soil test methods that estimate plant availability of soil P. However, alternative approaches should be evaluated that reflects soil P release to surface or subsurface runoff. These include water extractable P. Fe-oxide P, and P sorption saturation of the surface 5 cm of soil (Breeuwsma and Silva, 1992; . This depth of soil more closely reflects that interacting with surface runoff than the 0-to 15-cm depth generally used in soil P fertility tests.
Environmental concern has forced many states to consider developing recommendations for P applications and watershed management, based on the potential for P loss in agricultural runoff. A major difficulty is identifying a threshold soil test P level to estimate when soil P becomes high enough to result in unacceptable P enrichment of agricultural runoff. the average soil test P has increased 10-fold throughout the past 45 yr, from <1 mg kg' Morgan's P in 1950 to >8 mg kg' Morgan's P . The EPA in Ireland has now adopted a soil P threshold of 15 mg kg Morgan's P (about 60 mg kg Olsen P) above which there can be no land application of manure from intensive pig (Sus scrofa) operations (EPA-Ireland, 1996) . Under these guidelines, it is the owner of the animal that is responsible for developing a nutrientmanagement plan, including the land where the manure is applied, even if owned by another farmer. In most cases, agencies proposing threshold soil P levels plan to adopt a single value for all areas under their jurisdiction. Although a single threshold value is easy to mandate, it is too limited to be the dominant criterion to guide P management and P applications. Adjacent fields having similar soil test P levels but differing susceptibilities to surface runoff and erosion, due to contrasting topography and management, should not have similar P-management recommendations. For example, Pote et al. (1996) found that soil test P was related to the concentration (r2 = 0.76), but not to the loss, of dissolved Pin surface runoff (r2 = 0.05). Incorporating poultry litter increased organic C content and decreased bulk density of the surface 5 cm of soil, with the result that increased infiltration reduced surface runoff. Due to the variation in surface-runoff volume, three sites with a Mehlich-3 soil test P ranging from only 285 to 295 mg kg, lost 0.05, 0.16, and 0.35 kg P ha during a 30-min rainfall . Also, it has been shown that in some agricultural watersheds, most of the annual P export comes from a small area of the landscape (Pionke et al., 1997). Therefore, threshold soil P values will have little meaning unless they are used in conjunction with an estimate of a site's potential for surface runoff and erosion.
A sounder approach advocated by researchers and an increasing number of advisory personnel is to link areas of surface runoff and high soil P content in a watershed. Preventing P loss is now taking on the added dimension of defining, targeting, and remediating critical source areas of P that combine high soil P levels with high surface runoff and erosion potentials. This approach addresses P management at multifield or watershed scales. Further, a comprehensive P-management strategy must address down-gradient water quality impacts such as the proximity of P-sensitive waters and internal recycling of P already deposited in water systems, if these systems are flowing or standing waters, and the designated water use (e.g., recreation, drinking, fisheries). Conventionally applied remediations may not produce the desired results and may prove to be an inefficient and expensive approach to the problem if this source-area perspective to target the application of P-fertility, surface-runoff, and erosion-control technologies is not used.
In cooperation with research scientists, the USDANatural Resource Conservation Service has developed a simple P index as a screening tool for use by field staff, watershed planners, and farmers to rank the vulnerability of fields as sources of P loss in surface runoff (Gburek et al., 2000) . The index accounts for and ranks transport and source factors controlling P loss in surface runoff and sites where the risk of P movement is ex-pected to be higher than others. The index is intended as a tool for field personnel to easily identify agricultural areas or practices that have the greatest potential to export P and allow farmers more flexibility in developing remedial strategies.
Pathways of Phosphorus Transport within Watersheds
Although we often know how much P moves in surface runoff and stream flow from the site of application to impacted water, we often do not know how much of this P is coming from agriculture and in what forms this agricultural P is transferred, in terms of immediate (dissolved) and long-term algal-availability (particulate and organic). This information is essential if agriculture is to adopt defensible nutrient-management plans and recommendations designed to reduce P export to surface waters.
If we determine in a given area that agriculture is an important source of P to surface waters relative to other nonagricultural inputs, then sources within agriculture must he identified. Many existing studies have quantified P losses from specific sources such as fields varying in tillage and fertility management, tile drainage, barnyards, and drainage ways. However, very few studies have compared losses from various sources within a watershed and quantified their inputs. Without the capability to quantify the importance of P sources within a watershed, remedial practices cannot he effectively targeted.
Therefore, the capability to determine the importance of surface runoff, subsurface flow (shallow and deep), macropore flow, and preferential flow (tile drainage) at a watershed scale is needed. The preferential transport of inorganic, organic, dissolved, particulate, and colloidal forms of P in each pathway needs to be evaluatable. As these pathways are temporally and spatially dynamic, variable source-area controls and linkages between edge-of-field losses of P and waterhody response must also be definable and delineatable.
In studying these pathways we will have to decide what scale of investigation we should use. Although watershed-scale studies are necessary to integrate all processes controlling P export and quantify land use impacts, they are costly (i.e., labor, monitoring and sampling equipment, and analyses). To obtain information needed by environmental policymakers, we must adapt and use plot-scale studies to provide the most realistic and reliable assessments of the pathways of P transport for a wide range of conditions (i.e., soils, management, and site hydrology).
In a heavily instrumented watershed in east-central Pennsylvania, Sharpley et al. (1998) investigated P transport at plot, field, and watershed scales. They found that plot or lysimeter studies can estimate the effect of soil P characteristics on P movement in surface runoff and subsurface flow. For example, the dissolved P concentration of surface runoff from 2-m 2 plots using simulated rainfall (2.5 cm h -' for 30 min 5-yr return period) varied from 0.20 to 0.49 mg L ' over a 2-ha field ( Fig.   1 ; Sharpley et al., 1998) . This variation was due to differences in soil P. microtopography, and hydrology. However, the dissolved P concentration of surface runoff from the whole 2-ha field averaged 0.62 mg L during 1997. The fact that the dissolved P concentration of surface runoff from the 2-rn2 plots was lower than the dissolved P concentration from the 2-ha field may be clue to more soil P entrainment and thus, dissolved P enrichment between scales. The 2-m 2 plots had a 2-m long slope, while the 2-ha field had a maximum slope length of 100 rn.
Surface runoff from this field entered the stream channel 420 m from the watershed outlet (total channel length is 750 m). During 1997, the dissolved P concentration of stream flow at the watershed outlet averaged 0.08 mg L' . This concentration was lower than that input in surface runoff due to dilution by subsurface flow and possibly in-channel processes such as P sorption by bed and bank material.
Clearly, the dissolved P concentration of surface runoff differed with scale: 0.20 to 0.49 mg L I from the 2-rn 2 plots, 0.62 mg L from the 2-ha field, and 0.08 mg L I from the 40-ha watershed. Even though there were differences in the time scale over which samples were taken and analyzed and how runoff was generated among scales, it emphasizes the care needed in extrapolating or scaling up from small plot to watershed estimates of P export. The appropriate scale must therefore he selected to meet the objectives of each study.
Best Management Practices Development and Implementation
The sources of P export from watersheds are determined by hydrologic and chemical processes, which are dynamic and highly variable, both temporally and spatially. However, no attempt has been made (to date) to couple variable source-area hydrologic processes with P status over a watershed.
When looking at management to minimize the environmental impact of P. several important factors must he considered. For P to cause an environmental problem, there must he a source of P (e.g., soil F, manure, or fertilizer applications) and P must be transported to a sensitive location (e.g., by leaching, runoff, or erosion). Problems occur where these two conditions come together. While a high P source with little opportunity for transport may be a waste of a resource, it may not constitute an environmental threat. The concern and the emphasis of management practices should be focused on the areas where these two conditions intersect. These areas are called critical-source areas. Clearly, BMPs will be most effective if targeted to hydrologically active source areas of surface runoff in a watershed.
Although soil P concentration is important in determining P loss in surface runoff and is being used to guide P management (Table 1) , other factors such as surface runoff, erosion, manure crop, and residue management may override soil P in determining P export. For example, the dissolved P concentration of surface runoff (2.5 cm hr for 30 mm: 5-yr return period) in- fig. 1 . Ihe died or scale and landscape position on the conceillratloim of dissolved P in surface runoff from small plots (2 m2 ) and larger fields (2 ha).
creased with an increase in the Mehlich-3 soil P concentration in the surface 5 cm of a Berks silt loam (Typic Dystrochrepts) ( Table 2 ). When dairy manure was broadcast on these grassed soils, the dissolved P concentration of surface runoff 14 d later was greater than with no manure (Table 2 ). Soil P had little effect on the dissolved P concentration of surface runoff at the 50 kg P ha' yr' manure rate (r = 0.71:p >0.155). and no effect at the 100 kg P ha yr' rate (r = 0.06: p > 0.751), compared with when no manure was applied (r 2 = 0.99: p = 0.006). As the length of time between manure application and surface runoff increases, the effect on dissolved P transport will decrease (Sharpley, 1997 : Westerman et al., 1983 .
Even so, this raises the question and need for further research on defining how or when threshold soil P levels should be used to estimate P transport potential in surface runoff. Under our original threshold soil P premise. manure application would be recommended on a low-P soil but not on a high-P soil, with respect to P enrichment of surface runoff. However, if rainfall and surface runoff occur soon after manure application. P transport in surface runoff can be independent of soil P and a function of the amount of manure applied ( Table 2) . As P-based management tools or models are developed, information is needed on what weighting should he given to soil F, crop, residue, and manure management, and to surface runoff timing in determining the pathways that control P loss.
Overall, BMPs must attempt to bring into closer balance P inputs and outputs to farming systems, although this may not be achievable in areas with intensive confined-animal feeding operations. BMPs can be grouped into source and transport measures. Source measures needing further evaluation include amending feed (enzymes). soil (flyash. Fe oxides), manure (alum), and water (Fe oxides, straw). More research is also needed on customizing feed rations to meet animal requirements without reducing production. Some fine-tuning of rations may be possible, based on the animal's age and production value (e.g., milk, meat, breeding). It is also necessary to know if it is adequate to fertilize to meet the need of the crop only or if it is necessary to fertilize to meet the needs of the diet of the animal. We need innovative measures to minimize P transport in its various pathways via tillage, buffer zones, and crop selection and rotation. For example, are there alternative plant species in buffers that can provide farm income and increase wildlife diversity, and can Fe-based compounds be targeted as buffers to reduce P in subsurface and lateral flow? A major factor toward balancing P is the need to develop alternative uses for manure and to consider how we can facilitate or encourage markets so that they become economically viable to farmers and society.
Strategic Initiatives to Manage Phosphorus
The rapid growth and intensification of the animal industry in certain areas of the USA and Europe has created national and regional imbalances in inputs and outputs of P. Before World War II, farming communities tended to be self-sufficient, in that enough feed was produced locally to meet animal requirements and the manure nutrients could be effectively recycled to meet crop needs. As a result, a sustainable food chain tended to exist. After World War II, increased fertilizer use in crop production created specialized farming systems, with crop and animal operations in different regions of the country. In 1995, more than half the corn grain produced in the Cornhelt was exported as animal feed, while states in the Southeast imported 83% of the grain used in confined-animal operations (Lanyon and Thompson, 1996) . In fact, less than 30% of the corn grain produced on farms today is fed on farms where it is grown. This evolution of our agricultural systems is resulting in the transfer of P from grain-producing areas to animal-producing areas and an accumulation of P in the soils in those areas.
Perhaps the most critical and challenging area is to initiate real and lasting changes in agricultural production by focusing on consumer-based programs and education rather than burdening farmers. Farmers are at the bottom of the "food chain"-their decisions are influenced by regional and often global economic pressures and constraints, over which farmers have little or no control (Lanyon, 1994) . Since World War II, greater fertilizer N availability via increased production and reduced cost, along with soybean breeding, dramatically increased animal productivity. Improved breeding, specialized feed concentrates, and new production technologies have also led to greater animal productivity on a smaller land area (Fig. 2) . At the same time, the land base available for manure management has declined because of urban development, idled land, and reforestation. As a result, animal farming has changed from land-based to capital or economically driven systems. Thus, manure production and management issues facing farmers are to a large extent driven by economic factors rather than environmental issues (Fig. 2) .
Clearly, we have to look at new ways of using incentives to help farmers implement BMPs. The challenge is to recognize how social policy and economic factors influence the nutrient-management agenda. Equally important is that everyone is affected by and can contribute to a resolution of P-related concerns. Rather than assume that inappropriate farm management is responsible for today's water quality problems, we must address the underlying causes of the symptoms (Lanyon, 1998) . These causes are related to marketplace pressures, the breakdown and imbalances in global P cycling, and economic survival of farms. Research is needed to develop programs that encourage farmer performance and stewardship to achieve agreed-upon environmental goals (Lanyon, 1998) . These programs should focus on public participation to resolve conflicts between economic production efficiency and water quality.
SUMMARY
Phosphorus use is likely to increase in developing countries to help feed the expected increase in world population. This may have important implications for eutrophication. It is imperative that technically defensible research is done in a timely manner to better match P inputs with optimum crop and animal production requirements and that P already present in the soil is not lost due to inappropriate soil management.
We have not been successful at translating or applying basic P research information to tools that aid implementation of crop production and water quality management programs that are both effective and practical to farmers. Further research should be interdisciplinary and involve soil scientists, hydrologists, agronomists, limnologists, animal scientists, rural economists, and social scientists. Developing guidelines to implement such programs will also require consideration of the socioeconomic and political impacts of any management changes on both rural and urban communities, and of the mechanisms by which change can be achieved in a diverse and dispersed community of land users.
